An apparatus is described which permits the simultaneous measurement of 02 evolution and chlorophyll a fluorescence from illuminated discs or pieces of green leaves. 02 is measured in the gas phase in a temperature-controlled chamber of approximately 5-milliliter capacity. Calibration is effected by injection of air through vents. Response time is approximately 1.5 seconds for 02, and full scale deflection, in normal operating mode, is approximately 10 micromoles O2. The apparatus may also be used to monitor fluorescence alone, in an open mode, in which gas is passed continuously through the chamber.
Although photosynthetic carbon assimilation in leaves is usually measured by IRGA2 of CO2 uptake, it is also possible to follow 02 evolution by polarography in the gas phase (2) . No 02 electrode system currently available can match the sensitivity of IRGA but if a leaf segment is illuminated in a small chamber, the change in 02 content can be readily detected. Accordingly, a simple apparatus was constructed for this purpose (2) and it has now been improved and modified to permit simultaneous measurement of Chl a fluorescence and 02 exchange.
MATERIALS AND METHODS
The 02 Electrode. The 02 detector is a conventional Clarktype Pt/Ag/AgCl2 electrode (1) manufactured by Hansatech (Hansatech Ltd., Paxman Road, Hardwick Industrial Estate, King's Lynn, Norfolk). The Pt cathode is mounted in an araldite dome across which a Teflon membrane is stretched. The Ag anode lies in a well beneath the dome and a KCl/borate/ bicarbonate solution is used as the electrolyte (2) .
The Leaf Chamber. The leaf chamber (Figs. 1 and 2) is made of fairly massive anodized aluminum which affords good temperature control by circulated water. The electrode rests on a base which presses it against an 0-ring so that a seal is effected, yet the cathode is exposed to the atmosphere in the leaf chamber through a small hole in its floor. The chamber itself is cylindrical (163 mm high x 370 mm radius) and accommodates a leaf disc of 10-cm2 area or smaller pieces of leaf carried on a perforated stainless steel plate, with an entire center, which prevents light falling directly on the cathode. The roof of the chamber is the Perspex (Plexiglas) floor of the upper water jacket through which the leaf is illuminated. The top window in this water jacket is ' This work was supported by a grant from the Royal Society. Operation. After the chamber is loaded, closed, and calibrated, the recorder pen is returned to a position at one side of the chart by an electrical 'back-off device (1, 2) in order that most of the chart can be used to record 02 evolution. Additional sensitivity can be derived by using the highest electrical output that the potentiating circuit (1, 2) will give and then switching the pen recorder to a lower range and backing-off most ofthe signal (e.g. if the electrical output in air is 3.5 mv and 3.4 mv is backed-off then the remaining signal will, if recorded on the 1-mv rather than the 5-mv range, be effectively amplified by a factor of 5).
Obviously a pre-amplifier can also be used for this purpose and then, as in many other circumstances, the extent ofamplification will be dictated by whatever degree of electrical noise is acceptable. Some period oftemperature equilibration is necessary (usually not more than 2 to 3 min). During the first part of this period an apparent 02 uptake will normally be recorded. This will be caused partly by temperature equilibration and partly by respi- in the chamber which is located in the middle section of the apparatus (see "Materials and Methods" for a more detailed description). The 02 sensor (Clark-type electrode) lies beneath the leaf chamber with its Pt cathode exposed to the atmosphere within it. The leaf tissue is pressed lightly against the temperature-controlled roof of the chamber by a foam rubber disc which also separates it from the carbonate/bicarbonate buffer carried on capillary matting. The tissue is illuminated through this window which also allows fluorescence to reach a probe (inserted at an angle of 40°) where it is monitored by a photodiode. Blue actinic light is delivered either directly, or via a fiber optic (as shown), to the top of the apparatus, through an electronic shutter. The photodiode is protected from the actinic light by a suitable filter or filters. The clips which draw the top section onto the middle section (so that the roof of the leaf chamber is sealed against an O-ring) and the tubes which carry temperature-controlled water to the top and bottom sections are not shown. The taps (with luers) are for calibration and adjustment of the gas phase. ration. It should be noted that if the leaf material has been brightly illuminated immediately prior to measurement the uptake of 02 in the dark will be more rapid than it would be if the leaf had been previously kept in darkness or low light. In the experiments illustrated, the temperature was kept at 20C except where indicated. When the shutter is opened, 02 evolution will commence after an initial lag or induction period (11) . Fluorescence will rise swiftly to an early maximum and then decline to a quasi-steady state or terminal value (for reviews, see Refs. 3 and 5) . Both 02 and fluorescence may display secondary kinetics. The precise relationship between the two remains to be determined but in many circumstances (13, 14) The fact that the leaf disc is pressed lightly against the roof of the chamber does not appear to constitute a significant barrier to rapid diffusion. Thus, in saturating light, it is immaterial whether a leaf, like spinach, which has most of its stomata on the lower surface is illuminated from above or below. Moreover, the 02 evolution from small discs (in which the cut edge might be presumed to make a larger contribution to gaseous exchange) is the same, on a pro rata basis, even though gases would then appear to have more unimpeded space through which to circulate. Similarly, the central hole in the foam rubber sponge (Fig.  1) is not essential and the sponge offers no sensible barrier to diffusion unless completely water-saturated.
In 5% CO2, inspection confirmed that the stomata were closed but, in saturating light, rates of 02 evolution as high as 300 to 400 Mmol mg-' Chl h-' have been recorded. These rates, on average, were about 25% higher than those observed when the same material was subjected to conventional IRGA in augmented (1000 J1/l) CO2. This we attribute to the fact that CO2 reaches the chloroplast in saturating concentrations and that 02 detection is similarly unimpeded, despite the closed stomata. What proportion of the gaseous exchange occurs via the closed stomata, because of steepened diffusion gradients, and what part through the cut edge of the disc, or discs, is not known. But the fact that such high rates can be measured suggests that the apparatus may prove to be a useful means of determining the maximum rate of photosynthetic carbon assimilation in leaf tissue. Preliminary experiments indicate that the rates of 02 evolution which we have observed are consistent with maximal rates of coupled electron transport, through both photosystems, in chloroplasts isolated from the same tissue.
As already noted (see "Carbon Dioxide Source"), a limitation can be imposed by the rate of equilibration of carbonate/bicarbonate buffers with the gas phase when CO2 consumption by the leaf is particularly fast. This can be detected by a fall in the rate of 02 evolution with time which can be corrected by addition of carbonic anhydrase to the carbonate/bicarbonate buffer.
Differentiator. For some purposes, it is convenient to differentiate the O2 signal in order to obtain an immediate record of change in rate. This was achieved by following the 02 electrode signal on a Rikadenki R-14 recorder in which a monitor gave a linear output of0 to 1 in proportional relationship to the position of the pen recording the O2 signal. This output was powered through a normal passive RC differentiator, comprising a 2.3-Muf polyester capacitor (in series with the positive output from the monitor) and a 30 kQ resistor (across the positive and negative output from the monitor).
RESULTS
It is frequently held that leaf pieces sustain damage during cutting and handling which makes them unreliable experimental material, but present experience indicates that they will behave in a stable and reproducible fashion. For example, Figure 3 shows three traces which were obtained with one leaf disc. Immediately after cutting (the leaf had previously been 30 min in low light, at about 10 w . m2), the induction period was long FIG. 4. Reproducibility. Spinach leaf discs cut from either side of the midrib of a single leaf behaved in a very similar fashion when treated in the same manner. The first two traces were obtained with two discs taken from a leaf in the glasshouse. The second two were obtained with two more discs from the same leaf which had been kept in the relatively subdued light of the laboratory during the first measurements, thereby extending the initial induction period. Fig. 3 ). Such behavior was typical of discs from spinach and a number of other species including sunflower, barley, and maize. Thus, provided a disc was treated in precisely the same manner each time, it would respond in almost exactly the same way, including the secondary kinetics (which can be clearly discerned in Fig. 3) . Eventually, prolonged continuous illumination might lead to some falling-off in rate but such deterioration was not normally more pronounced than we have seen in IRGA experiments with attached leaves. Similarly, when discs were cut from corresponding positions in either side of the midrib, in broad-leaved species such as spinach, they also behaved in much the same manner (Fig. 4) . Like chloroplasts and protoplasts, the discs responded to illumination after long and short periods in the dark, to high and low light intensities (Fig.  5) and to high and low temperatures (Fig. 6) (4). It may be noted that the 02 traces in Figure 5 permit interpolation which is fully consistent with McAlister's concept of 'induction loss,' i.e. that the lag can be quantified in terms of the extent to which photosynthesis would have occurred had photosynthesis immediately reached its maximal value. Although, in the above experiments, carbonate/bicarbonate was added to the capillary matting in molar concentrations that would be in equilibrium with CO2 in the gas phase as high as 5% (9) , experience (M. Hills, personal communication) suggests that, unless the chamber is subsequently flushed with an appropriate gas mixture prior to illumination, this partial pressure is rarely realized, because of the rapid loss of CO2 from the capillary matting during assembly. We near-optimal CO2 concentration. However, in any work in which it was necessary to establish the [CO2] in the gas phase with accuracy, a combination of carbonate/bicarbonate buffers and gas-flushing prior to commencement of measurement could be used here in the same way as it has been employed for many years in Warburg manometry (9) . Secondary Kinetics in 02 Evolution. These are described in more detail in a second paper (14) . They (12) . A very simple electronic device (see "Materials and Methods") was employed here and changes in rate, which can sometimes be observed only with some difficulty when amount of 02 is plotted against time, were now immediately apparent. In Figure 7 , the dampening oscillations in both 02 and Chl a fluorescence are very striking and emphasize the intrinsic potential of simultaneous measurements.
Temperature Artifacts. Some increase in temperature during strong illumination in white light is often unavoidable even when most of the infrared is removed from the actinic light by filters. When a piece of black matting was used in place of a leaf, an artifactual '02 evolution' was observed which would normally have added less than 5% to that evolved by an actively photosynthesizing leaf during the first 5 min of illumination. Thereafter, the electrode would stabilize at the new temperature and would display a corresponding decrease on darkening. Experiments with killed leaf tissue confirmed that this temperature artifact will, in most circumstances, be smaller for leaves than for a black body. Similarly, the size of the artifact can be diminished by improved heat 'filtration' of the actinic light source.
DISCUSSION
Our present understanding of whole leaf photosynthesis owes much to the development of IRGA and it is not our purpose to detract, in any way, from the usefulness of this technique or to ignore the advantages which derive from its application by skilled operators, to whole plants. IRGA 
